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Abstract 
The travelling wave behavior of a flexible hydraulic fluid hose with wire 
braid reinforcement is studied analytically and experimentally. The hose is 
considered to be axisymmetric and uniform; only longitudinal motion is 
considered. 
A sixth order analytical model is developed. Parameters are evaluated by 
static experiment. The solution of the model indicates that for the principal 
frequencies of interest and of applicability there are two types of travelling 
waves, the faster most closely associated with fluid pressure and motion and the 
slower most associated with axial wall motions and forces. A third mode, 
associated with transverse motion of the tensioned wire reinforcement, is 
evanescent at these frequencies although it also produces wave behavior above a 
rather high cut-off frequency. 
Several experimental methods are examined for observing the wave 
behavior of the hose. Strain gauges and accelerometers were used to measure 
the motion of the hose wall. The method which is implemented most 
successfully uses accelerometers, axial impulse excitation, and use of a dynamic 
analyser. 
1 
' 
Definition of variables: 
a--radius of braid reinforcement 
.\ 
D--time differential operator d/dt 
Ex, EY--axial and hoop Young's mo~uli multiplied by wall thickness. 
F --ax:i al force 
ir--inside radius of the hose 
k--wave number 
K, KA and KB--constants dependent on the end condition of the hose 
L--nominal distance of transducer separation 
p--pressure 
p0--mean pressure 
P2A, P3A, P2B, P3B--ratios defmed by equations (18) and (21) 
Tx, TY--axial and hoop tensions per unit perpendicular length. 
T x0, T y0--mean axial and hoop tensions per unit perpendicular length. 
u--rate of axial fluid displacement from mean position 
V--transverse force 
w--rate of axial wall displacement 
x--ax:ial position 
a.--attenuation constant 
~--effective bulk modulus 
y--wave propagation constant 
or --rate of change of braid radius 
µ--mass per unit wall area 
v x, vy--axial and hoop Poisson's ratios 
p--fluid density 
v--angle of differential element, Fig. 2 
2 
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1.1 Introduction 
Chapter 1 
Analytical Model 
An analytical model of travelling waves in a flexible nydraulic hose is 
developed below. A one dimensional model, it only considers longitudinal 
waves. 
Longmore [2] presents a fourth order model, which is based on the axial 
wall motion and the axial fluid motion (relative to the mean position) as the two 
principle modes of wave propagation. Two travelling waves are predicted, both 
of which are dispersionless. The radial inertia of the hose wall is neglected. 
The present model includes the radial inertia, and becomes sixth order. 
The resulting wave modes become dispersive, and an evanescent mode is 
introduced. Nevertheless, when simplified the model is compatible with that of 
Longmore. 
A cross section of a hydraulic hose is shown in Fig. 1. The hose is 
axisymmetric and axially uniform, but not isotropic. It requires two Young's 
moduli, one each for the axial and hoop directions. When pressurized, the wire 
braid reinforcement is under tension. The model does not include any bending 
of the hose. 
The waves propagate three ways: through fluid pressure wave motion, 
through axial-tension hose wall motion, and through transverse vibration. A 
pair of state variables, force and velocity, for each of these modes makes six 
state variables. These three modes of propagation are coupled, as will be seen 
later. 
Assumptions include the following: 
1. The wave speed is orders of magnitude greater than the actual fluid flow 
3 
., 
\ 
velocity. The mean fluid flow velocity is neglected. 
2. The wavelength is much greater than the radius of the hose. This limits the 
,, 
frequency range for the model. · 
3. Viscous losses can be ignored. The model is without damping. 
4. Inertia of the hose wall in the radial direction should be included. 
5. The wire braid reinforcement (Fig. 1) provides the stiffness of the hose. The 
inner liner and rubber cover don't contribute to the stiffness. The hose is 
considered a thin cylindrical shell. 
6. Fluid motion in the radial direction is ignored. 
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Figure 1. Cross Section of Hose. 
To model the hose, six state variables are chosen. There is a pair, force 
and velocity, for motion of the hose wall in the axial and radial directions, and 
4 
for the fluid in the axial direction. For the axial motion of the hose wall, there is 
the axial force, defmed as F ~ 21taTx, and time derivative of the hose wall 
displacement from mean, w. In the radial direction, the transverse force,. 
defined as V = 21taTx0'1', is the radial component of the ax:i~l tension, and the 
radial motion is represented as or. In the fluid, there is the pressure, p, and the 
time derivative of the fluid displacement from mean, ti. In defining the state 
vector, velocities are chosen instead of displacements so that the product of 
these variables with force gives units of power. 
Brown2 suggests grouping the symmetric variables (variables which have 
the same sense when viewed from either · direction) first and asymmetric 
variables second in the state vector. F, or and pare symmetric with respect to 
the axial position. w, V and u are asymmetric. 
The state vector becomes: 
s = [F,ot,p,-w, v,u]r 
and the differential equation can be represented as: 
as 
- = As dx 
(1) 
(2) 
which has a solution in terms of a transition matrix s(x) = eAf..x-Xc,) s(x0). 
As shown by Brown [2], the ordering of state variable~ is such that the matrix A 
.I 
is partitioned into four sub-matrices, two of which as zeros: 
This partitioning simplifies the solution of the problem. The transmission 
matrix becomes 
The six eigenvalues of A are square roots of the three eigenvalues of 
5 
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"4 = [i ~]. 
(3) 
[ 
cosh.m(x - xo) Z(v'Yz)- 1sin.h'1Yz(x - xo)] 
- 1··(y'ZY)- 1sinh./ZY(x - xo) cosh.v'Yz(x - xo) · 
(4) 
. 
matrix product zy (or yz). 
1.2 Equations of niotion 
This section will use the modified physical parameters used by Longmore. 
Ex and EY are the axial and hoop Young's moduli multiplied by the wall 
thickness. Tx and TY are the tensions per unit perpendicular length. Therefore 
the axial and hoop strains are 
(5) 
(6) 
Po is related to·· T l.fJ by equating the force exerted on one end by pressure to the 
6 
r, 
---------------
--------~.~ .. -
axial force on the wire braid: 
(7) 
In the axial direction, forces ·acting on a differential element of the hose 
wall are the axial tension, Tx + T xO times the wire braid radius a+ or, and the 
axial compon~nt of the pressure, Fig. 2b. A force balance gives 
After multiplying out, collecting terms and recognizing aor/dx = 'I', this becomes 
an expression for the gradient of F: 
~ = V/a + 21taµDW. 
(8) 
Hoop tension TY and the pressure contribute to forces in the radial 
direction. Additionally, the different radii at locations x and x + dx, Fig. 2a, 
cause a radial component of the axial tension. The radial force balance is 
(9) 
TY can be eliminated with equation (5). Solving for d\V/dx and expressing in 
terms of av,ax gives 
av E , .... l v ~ = 21t(aµD + 2DJOr+ ..!..F- 21tap. 
aX a a 
7 
' 
• 
(10) 
In the fluid, the pressure gradient dp/dx causes a flow, as represented by 
• 
the momentum balance 
(11) 
Other state variable equations are found as follows. £x is the gradient of 
the axial wall displacement and is defmed in equation (5). TY is eliminated with 
equation (6), in which Ey = 6r/a. The time derivative of dw/'iJx is 
(12) 
The gradient of 6r is 'I', Fig.2. So the time derivative of dor/'iJx can be expressed 
in terms of V: 
. <Joi: = V D • 
<Jx xdl p0 
. (13) 
Finally, the continuity equation 
can be solved for the di:J./i)x yielding 
dli 2 D 2a ~-
-=-a p--ur. dx ;,2 p ;,2 
• 
(~4) 
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Figure 2a. Open-face Cut of Differential Length of Hose. 
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Figure 2b. Free Body Diagram of Differential Length of Hose. 
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The matrix A is formed by the ,respective terms on the right sides of 
equations (8) (10) (11) (12) (13) and (14). 
0 0 0 2;raµD 1/a 0 
0 0 0 0 1 D 0 ;.; 1ra-po 
' 0 0 0 0 0 -poD 
A= 
1-11r11y D 
'2r.aEz -vy/a 0 0 0 0 
vy/a 21r(a + ~D) -21ra 0 ' 0 0 
2a 
.., 
0 a- D 0 0 0 -~ rl ;3 ir· ir-' 
The off diagonal terms of partitions Y and Z represent coupling. In the 
top row of Z, the gradient of F is related to V. In Y there two are coupling terms 
containing vy, and two others. The gradient of Vis a function of F and p. Both W 
and u are functions of or . 
1.3 Measurement of Physical Parameters 
The specific hose modeled is a Parker-Hannifm 421 medi11m high pressure 
hose, SAE lOORl-Type T, one wire braid, rubber cover. It is rated for 17.2 MPa. 
It comprises an inner lining with a single braid of steel reinforcement, 
surrounded by a cover. The hose has an inside diameter of 1.03 cm, a braid 
" diameter of 1.5 cm and an outside diameter of 1.85 cm. The test section used in 
the experiment is 2. 7 m long. 
10 
I 
The mass per 11nit wall area, µ, was measured by directly weighing a 
length of hose, 8.1).d dividing the mass by the quantity (21ta times length). A 
length of 0.248 m was found to have a mass of 0.0956 kg. Therefore 
0.0956 " 
µ = 21ta0.248 = 8.06 kg/m2. 
(K) 
To measure Ex the oil was removed from the hose and replaced with 
nitrogen, at a pressure 3.45 MPa. Supported vertically, a load-deflection test 
,, 
was performed. Ex is found from 
Ex = T Jex = 94.2 kN/m. 
EY is calculated from equation (6), if £y, Tx, Ty, Ex, and vx are known. 
In order to calculate these values, the volume change 6Vol. and length 
change 61 were measured as a function of pressure. The slope of the length vs. 
pressure curve gave o/ for 3.45 MPa~ This value divided by the total length gave 
the quantity 61/1 used below. Similarly, the slope of the volume vs. pressure 
curve gave 6Vol. for 3.45 MPa., which when divided by the total volume of the 
hose gave the quantity 'oVol./Vol., also used below in the calculation of Ey· 
ey can be expressed in terms of the quantities of the previous paragraph 
by differentiating the volume, Vol. = lrcr2. 
~v I fV. I = 2 1t Ir 6r 1t r2 ol 
u O. 0. .'2 + 2 
nr-1 nr-1 
Cancelling, and recognizing ey = or/r gives 
11 
• ,''?_';: 
....-----------------------------~--~---
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- 61 
6Vol./Vol. = 2£1 + 1 
and solving for Ey gives 
= O S(6Vol. -~) 
Ey • Vol. I 
The static tensions, T xO and T )0 are both functions of the static pressure, 
p0• The axial static tension is equal to the force of the pressure acting in the 
axial direction, and from equation (7), T x0 = 13.1 kN/m. The hoop tension is 
equal to the static pressure times the wire braid radius, T y0 = a Po = 26.3 kN/m. 
The Poisson's ratios, axial and hoop, are calculated from equations (5) and 
(6). The effective bulk modulus used here is 1655 MPa. although it may be 
somewhat less due to the compressibility of the hose inner lining. The density 
of the oil, type Mil-H-5606-B, is 855 kg/m3• 
The parameters used in the analytical model are s11mmarized below. 
Ex = 94.2 kN/m 
Ey = 306kN/m 
T x0 = 13.1 kN/m 
T y0 = 26.3 kN/m 
vx = 0.407 
Vy = 2.132 
µ = 8.06 kg/m2 
~ = 1655 MPa. 
p = 855 kg/m3 
12 
,,: " 
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, 
., 
Po = 3.45 MPa. 
,' 
1.4 Eigenvalue Deter,a1ination 
A FORTRAN computer program, using an IMSL math subroutine, can 
find the three eigenvalues of the product zy_ The physical parameters, listed 
above, are substituted in. For a frequency response the imaginary frequency jro ; 
is substituted for the time derivative operator Di 
A negative real eigenvalue of zy has a square root that is imaginary, 
indicating a travelling wave. The wave velocity is v = 2 xf/k, where k, the wave 
number, .is the magnitude of the imaginary root. 
The resulting wave speeds for the range of 0-10,000 Hz. are plotted in Fig. 
3. One travelling wave is found to have a velocity of 680 mis, independent of 
frequency. Another much slower wave has the speed of 79 mis at low frequency, 
and decreases to 53 mis at 5000 Hz, and decreases further to 43 mis at 10,000 
Hz. 
The same model was used for N2 instead of oil, by substituting a bulk 
modulus of 4.8 MPa. and a density of 385 kg/m3 (20 degrees C and 3.45 MPa.-). 
This gave two travelling waves also. Both were slow, as shown in Fig. 6. The 
faster one is at a speed of 129 mis for 100 Hz., 90 mis for 5000 Hz. and 78 mis for 
10,000 Hz. The slower wave travels at 66 mis at low Hz., 52 mis for 5000 Hz. 
and 43 mis for 10,000 Hz. 
This indicates that the second wave is primarily a wall motion wave, since 
it was observed whether or not there was a liquid or a gas. The faster wave, 
however, can be characterized as a fluid wave since it is so d{fferent for the two 
different fluids. 
The third eigenvalue represents an evanescent mode. This .... is not a ,J~'.'" 
travelling wave, and propagates zero power in the steady state. The decay 
13 
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represents a reduction in energy density, but not through dissipation. 1fig. 5 
shows · a cut-off frequency of about 43,000 Hz., above the third eigen~alue 
becomes a negative real n11mber indicating a travelling wave. The resulting 
. 
wavelengths are long enough for the analysis to be meaningful for at ··least a 
narrow band of frequencies above 43,000 Hz., but the other modes have such a 
short wavelength that assumption (2) becomes invalid. The model therefore is 
concluded to be only quantitatively correct in this region. There may be other 
cases, however, such as much higher pressures and mean axial tension, where 
all these wave modes coexist in a domain of reasonable a.ccuracy. 
A transformation performed on A, wlµch diagonalizes the matrix can be 
. 
~ 
performed since it is a linear system. The transformation involves the 
eigenmatrix and its inverse in order to create a new matrix, A', which is 
diagonal, and creating a new vector, s' which are the wave scattering variables. 
1 
18 
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Chapter~ · 
Strain Gauge-Transducers 
.• 
2.1 A Method for Detern1ining for Wave Propagation 
Constants 
For a hose in normal circumstances, knowing the end condition fully is 
difficult or impossible. Without known end conditions it is possible, 
mathematically, to fmd the solution to the wave equation. It involves 
measuring the wall motion by methods described in Chapter 3, at several 
different locations. 
The model developed above requires a known state at one location to 
determine the state anywhere else on the hose. But in some cases the end 
condition is not known. 
Longmore proposed a model with two travelling waves of the form: 
w = Re{W(x)ei001 } 
(16) 
where 
(17) 
and y = a+ j k, is the wave propagation constant, comprised of the attenuation 
constant and the wave number. The constants, K 1, K2, K 3 and K4 are unknowns, 
dependent on conditions at each end. 
Using an arrangement of three transducers, at locations -L, 0, L, Fig. 7, 
and adding the two outside transducers and dividing by the middle gives an 
equation involving hyperbolic cosines. 
,, 
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p _ W(-x) + W(x) 
2 - 2W(O) . 
· (18) 
Substituting the Ws ·gives 
(Ki + K2) cosh (,'ix) + (K3 + K4) cosh tr'bc) 
p 2 = (Ki + K2) + (K3 + K4) • . 
(19) 
• 
? I ·---...,::..~---
L ~ I 
k-- ? I------~ I 
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. Figure 7. Location of Strain Gauge-Transducers on Test Section 
For convenience, abbreviate the cosh terms, letting C1 = cosh(y1x) and 
c2 = cosh(y2x). The constants can be combined into one: K = (K1 + K2)/(K3+K4) 
which gives 
20 
... 
( 
(20) 
Now there are three complex 11nknowns y1, y2, and K, and one complex 
equation. 
More information is found, using a similar arrangement, but with 
transducers twice as far apart, at locations -2L, 0, 2L: 
p _ W(-2x) + W(2x) 
3 - 2W(O) 
r 
(21) 
(K1 + K2) cosh (2-y1x) + (K3 + K4) cosh (2,YzX) p 3 = ----(K ___ 
1
_+_K_
2
_) +_(_K_
3 
-+-K-
4
) __ _ 
K cosh (2,'1x) + cosh (2y,:r) 
P3 = (K + 1) • 
(22) 
To find y1 and y2, each arrangement is used twice, the second time with 
different end conditions. Ref erring to the data with the second end condition as 
subscript "B," the experiment is run twice, providing four complex equations, 
. ,{~ 
P2A, P3A, Pw, P3B and four complex unknowns, y1, y2, KA, KB. 
Substituting 2 cosh2 x - 1 for cosh 2x and combining P 2 and P 3, K can be 
eliminated from each run, leaving two complex equations and two complex 
unknowns: y1 and y2. 
Solving for KA in equation (20) gives 
(23) 
substituting KA into equation (22): 
21 
I 
'I 
~----------..... -----------------------------~-----
---
,_ . 
_f 
K cosh (2'Y1X) + cosh (2'Yr> 
P3 = (K + 1) • 
(24) 
· Making the cosh squared substitution: 
I\ 
• 
(25) 
Now the denominator can be factored out of the numerator. 
(26) 
Likewise, for end condition B 
(27) 
There are now two linear complex equations and two complex unknowns. 
A computer can solve this complex system for C 1 and C2. A formula for 
the inverse' COSh yields the wave propagation constants "f 1X and "(?_X. 
Placement of the Strain Gauge-Transducers 
To get both kinds of ratios used in the analysis above (-L, 0, Land the -2L, 
0, 2L) the transducers are located according to Fig. 7 in a "1-2-3-5" pattern. The 
first ratio (-L, 0, L) is gathered from positions 1-2-3 while the second ratio (-2L, 
0, 2L) is gathered from positions 1-3-5. 
When connected to the dynamic analyser, the transfer function is 
recorded. Logically, the center transducer at location 3, is chosen as a reference 
_ or input of the transfer function. The dynamic analyser records the transfer 
functions 1/3, 2/3 and 5/3. In order to calculate P2, divide equation (18) through 
22 
I 
I . 
I 
by 3 to get 
\ 
Similarly, 
1/3 + 3/3 
P2 = 2.0. 2/3 · 
p _ 1/3 + 5/3 
3 - 2.0· 3/3 . 
2.2 The Strain Gauge-Transducer 
(28) 
(29) 
These transducers were to measure the radial expansion and contraction 
of the hose wall, in response to a pressure input. 
The strain gauges were not mounted directly on to the hose. Instead they 
were mounted on a 1/2 inch wide strip of shim stock, which wrapped around the 
hose. Each end of the strip was welded to a steel tab. These tabs were fastened 
together by two screws: the transducer was easily attached or removed from the 
hose this way. Additionally, the two screws allowed the tightness of the shim 
stock collar to be adjusted, Fig. 8. 
Each transducer had a pair of strain gauges mounted on it. The strain 
gauges were circumferentially oriented, and located on 180 degrees opposite 
each other. The pair was wired into a Wheatstone bridge circuit in which the· 
strain gauges made up opposite "legs." In so doing, the signals would combine 
when both stain gauges strained in the same sense, extended or shortened. The 
signals would cancel when one gauge was extended and the other was 
shortened, as would happen when bending of the hose occurred. By keeping the 
. 
hose under tension, it was hoped that bending would be eliminated. 
The strain gauge-transducers were attached to the test section of the hose 
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Figure 8. Strain Gauge-Transdµcer. 
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Figure 9. Strain Gauge Arrangement in Wheatstone Bridge Circuit. 
according to the "1-2-3-5" pattern, described above. 
The test section was set up horizontally to begin with. It was suspended 
from the ceiling using slings made out of string. It had the advantage of 
keeping the hose in tension. 
At first, the hose was clamped to a motor with an eccentric weight 
attached to its axle causing a rotating imbalance, Fig. 10. The orientation of the 
clamp provided a longitudinal sinusoidal signal to the hose. A large mass (32 
kg) between this vibrating motor and the test section prevented the 
transmission of low frequency mechanical vibration to the test section of the 
hose. <' l ' 
A combination of two valves downstream of the hose test section provided 
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two separate end conditions required to gather sufficient data. Fig. 10. By 
opening one wide and restricting the flow with the other, and vice versa, the 
effective length of the test section was altered. Later, other end conditions were 
used. Different fluid impedances were caused by altering the flow rate or by 
substituting a smaller diameter tube downstream of the test section. Also, 
different mechanical impedances were achieved by altering. the mass attached 
on upstream and downstream ends. Finally, in the vertical experimental set-up, 
Fig. 12, a mass suspended . from the bottom of the hose provided two end 
/ 
conditions: one with a spring and one without. 
This had several problems. First, control of the motor frequency was 
inaccurate and unreliable. Repeating experimental data was impossible. 
Second, the motor was unable to produce anything but a ·-single frequency sine 
wave. The resp~nse to a band limited white noise input was desired. Also 
undesirable was the wear which the spinning eccentric weight was giving the 
motor, expecially at high rpms. 
The electro-hydraulic servovalve offered a reliable pressure signal and the 
choice of a sinusoidal input of a known signal, a limited band of white noise or a 
unlimited band of white noise. 
In a different set 'up, foam rubber pads supported the hose test section. 
This allowed the attachment of masses to both the upstream and downstream 
ends of the test section, an improvement which further dampened mechanical 
vibration to be transmitted via the hose assembly. Strings at each end 
tightened with a turnbuckle provided tension to the test section, to prevent hose 
bending . 
• 
With the mechanical noise so taken care of, the signal became coherent for r .. 
. 
. . 
a range of 40 to 110 Hz. A strong 60 Hz electrical signal, with harmonics of 120 
and 180 caused the data to be suspect. By rewiring the circuit--there was the 
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servovalve, two amps, a dynamic analyser, and oscilloscope, all to be plugged 
in~-into a tree structure, several ground loops were eliminated. The harmonics 
were diminished but the 60 Hz signal remained. The· strain gauges operated on 
-
' .. 
extremely low voltages (the amplifier gains were set at 11,000) and even 
measures such as shielding the bridge circuit and twisting the leads could not 
eli~inate the electrical noise. 
The transfer function of various frequency ranges, 0-20, 0-50, 0-100 and 
0-200 Hz. were recorded with a band limited white noise signla input to the 
servovalve. The most coherent range was _ 45-80 Hz. For data taken in this 
range, the low frequency (0-40 Hz.) was noisy and unclear. This made the phase 
difference unknown, e.g. if the phase at 50 Hz. read rr;/2, it could be interpreted 
as 1t/2 + 2 rc, or 1t/2 + 41t etc. Data from the range 0-20 Hz. showed the 
transducers to be several cycles out of phase, which indicated slow velocities. 
The signal was clear enough to pinpoint another problem: the strain 
gauge-transducers themselves. The tabs of the strain gauge-transducers were 
vibrating along with the hose. The servovalve had to be turned up high in order 
I 
for the transducers to get any signal at all. Unfortunately, when turned up high 
enough, the whole hose and system would vibrate. The tabs of the transducers 
were heavier than the rest of the shim stock and as heavy as the wrapped 
element of hose. The vibration of the whole system caused the tabs to vibrate 
and the strain gauges were sensitive to this vibration. This vibration was equal 
or greater than the expansion which was to be measured. 
Furthermore, even with the (false) signal that was available with these 
transducers, only a range from 40 to 80 Hz. was clear. For these data, a 
reduction according to the ratios of P's was impossible. 
In short, the strain gauge-transducers could not measure the expansion of 
the hose wall reliably. 
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The same experiment was tried using accelerometers instead of the strain 
gauge-transducers. The accelerometers were mounted axially with.elastic bands. 
Instead of a Wheatstone bridge circuit and strain gauge amplifiers, the 
accelerometers were connected to smaller amplifiers (sic) and to the dynamic 
analyser. ,Using the same "1-2-3-5" pattern the accelerometer signals were 
recorded. 
This yielded some coherent data for a range of 70-1,10 Hz. When reduced 
by the computer, however, it gave wild erratic results. If there was a wave 
phenomenon, this experiment could not fmd it. 
I 
Chapter3 
.Hammer Tap Experiment 
Introduction 
Using an impulse excitation was an alternative method~ which proved to 
be the most accurate. 
Unlike the previous equipment arrangements, there was no flow through 
the system. One end ofthe test section of the hose was plugged while the other 
end was closed with a valve, after the hose was pressurized. Instead of using 
the "1-2-3-5" pattern of transducer placement, the accelerometers were used as 
pairs, at several different locations where the transfer function recorded the 
spatial difference of the wave impulse response. The accelerometers were 
fastened tightly to the hose with elastic bands. 
The test section of the hose was vertical, supported rigidly at the top and 
free at the bottom. The bottom end of the hose was plugged, and the top was 
connected to the pump in order to pressurize the system. In this setup, the 
vertical orientation of the hose provided axial symmetry. 
The dynamic analyser was set to record the signal for one 80 msec. 
window of time. The trigger, which began the sampling of data, was set to the 
lower transducer, i.e. the first one to be reached by the impulse signal. 
The impulse excitation was provided by a sharp tap with a hammer on the 
bottom plugged end of the test section of the hose. The dynamic analyser 
recorded the transfer function of 32 taps. Each tap was recorded by the memory 
of the analyser and after 32 taps the dynamic analyser averaged all the data 
and applied the FFr to it. The data included the spectra of each channel, A and 
B, along with the magnitude and phase of the transfer function. Also, the time 
trace was recorded and also the impulse response, which is the inverse FF'T of 
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the transfer function. 
Of the many possible locations of a pair of accelerometers on the test 
section, those closest to the input signal yielded the most coherent data. The 
lower accelerometer was placed either at the bottom of the rubb~~ part of the 
hose, that is above the fitting and the plug, or a nominal distance above. The 
second accelerometer was placed one or two times the nominal distance above 
the lower. The nominal distance chosen was approximately 0.3 m. The farther 
the accelerometers are from the top, the longer it takes for a wave reflection to 
travel to the clamp at the top and hack. This analysis ignores these reflected 
waves. 
Analysis of HaDlnier Tap ExperiD1ents 
An analysis can be made from the plots of the transfer function, 
magnitude and phase, and the impulse fllllction. The phase plot, in particular, 
is informative. For a frequency range of 0-5,000 Hz., these plots show three sub-
ranges which have different behavior. The low frequency range, from zero to 
1500 or 2000 Hz., is generally unpredictable and chaotic, although there are 
some exceptions which are noted later. The middle frequency range, from 1500 
or 2000 to about 4000 Hz., show a fairly consistent phase lag, which is 
characteristic of a single wave, or one domjnant wave. The high frequency 
range, from 4000 to 5000 Hz., appears very noisy with the phase jumping back 
and forth wildly. 
For the middle frequency sub-range, a wave speed can be calculated from 
I 
the phase lag, if this is indeed the behavior of a single wave or a domjnant wave. 
The known separation distance between the accelerometers multiplied by the 
circular frequency per 360 degree phase lag gives the wave velocity. 
The wave v~locities resulting from these calculations are listed in Table 1. 
32 
! 
' J' < 
For the runs with the trigger-transducer at the bottom, the low frequency 
raz(ge is coherent, Fig.s 14 and 17. In Fig. 14 there appears to be one wave. It 
is clean except for some confusion around 1000 Hz. In ,Fig. 17 there appears to 
be a, slower wave travelling at 195 mis in the frequency range of 0-800 Hz. Then 
the 550 mis wave is there for the frequency' rat:5 of 800-4000 Hz. Above this 
there is noise. 
The magnitude plots also show three sub-ranges of the 0-5,000 Hz. range, 
although they are not as clearly defmed. The plots show a minimum near 1000 
Hz., which could indicate a cancellation of waves. The middle sub-range shows 
a peak and a gradual roll off, although for the trigger position at 2L above the 
bottom, the mag plot was flat, Fig. 28. The high sub-range is wiggly and noisy. 
The impulse plot, which is the inverse of the FFT, plots the transfer 
function as a function of time. On this plot, a sharp peak indicates a single or 
dominant wave, independent of frequency. A broader peak, or several peaks 
close together, indicates that the waves are in a dispersive medium. 
The wave velocity can be calculated from this plot, by taking the 
separation distance and dividing by the time of the first peak. Table 1. Some 
peaks, occurring before time zero are physically impossible but show up anyway 
because of the math involved in the FFT calculation. These impulse peaks are 
spurious. Also, there are peaks which occur at after a very small time interval, 
and the calculated wave speed of such , peaks is unrealisticly fast. Ignoring 
these, if the first peak is taken as the first reasonable impulse of a wave, and 
the second peak is the next fastest one, two wave velocities can be calculated 
and these are shown in Table 1. 
Although his hose was different, the values agree with Longmore who got 
1100 mis and 526 mis, calculated at the frequency of 350 Hz. 
This indicates a transition around 1000 Hz., but our theoretical model 
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Trigger 
Location 
Bottom 
Bottom 
L 
L 
L 
show no such transition. 
Separation 
Distance 
L 
2L 
L 
2L 
3L 
Wave Speed Wave Speed 
· (Phase plot) (Impulse plot) 
490 
550 
640 
790 
730 
975,490 
975,610 
760,350 
780,490 
820,580 
Table 1. 
These test runs (with the trigger at the bottom) also have travelling waves 
that are faster than the others. The others (runs with both accelerometers 
towards the middle of the hose) agree with the theoretical data, as wave speeds 
are concerned. 
Either the wave slows down as it gets far from the end or being close to 
the end has come effect on the wave via end condition. 
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Table of Dynamic Analyser Plots 
Trigger Separation Magnitude Phase 
Location , Distance Plot Plot 
Bottom L Fig. 13 Fig. 14 
Bottom 2L Fig. 16 Fig. 17 
L L Fig. 19 Fig. 20 
L 
L 
2L 
2L 
3L 
L 
Fig. 22 
Fig. 25 
Fig. 28 
Table 2. 
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Conclusions and Recomm ndations 
The first experimental technique, using strain gauge-transducers, appears 
to have failed for either or both of two reasons: the assumed two-wave model /'· 
used in the data reduction is inadequate, and the transducers responded to 
spurious effects such as mechanical vibrations. The second experimental 
technique, however, based on accelerometers and a unilateral wave model of any 
order, appears to give reliable data. 
The initial analysis based on this data indicates goof agreement with the 
theoretical model, as applied using statically measured parameters, with 
respect to the faster of the two waves. This wave is more directly associated 
with propagation of fluid pressure and flow. The agreement between the theory 
·and the initial analysis of the data with respect to the slower wave, is not very 
good, however. This wave is associated primarily with axial wave motion. 
It is believed that satisfactory agreement may be reached if the data is 
more properly analyzed. Such an analysis,. which is not a simple matter, is 
recommended to be carried out. Its description follows: 
The problem appears to be confusion introduced by the third, evanescent 
mode on the interpretation of the data. A condition at the bottom end of the 
hose is essentially known, however; this inf orn1ation should be used. 
Specifically, the axial displacement of the fluid equals the axial displacement of 
the walls. It is necessary to construct, using the analytical model, the proper 
full relationship between the common input and the axial acceleration for each 
of the two transducer positions. This would permit direct comparison of the 
data with the theory. 
· Mathematically, the modal matrix needs to be found. This is based on the 
48 ' 
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eigenvalues which already have been formed. Then, ass11mi~g unilateral waves, 
the wave scattering variables ·can be found for both transducer locations. The 
propagation of the waves is then calculated. Next, the inverse of the modal 
r 
matrix can be applied to predict the ·transd~~er_,resi,onses at the two location.$. 
I 
This should form a basis for adjusting the theoretical wave speeds, etc., until the 
theory and experiment best match. Success is achieved if the resulting wave 
speeds agree reasonably to the values predicted by the theory with the static 
.• 
measurement of parameters. 
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